ABSTRACT: D-Cysteine differs from the antiarthritis drug D-penicillamine by only two methyl groups on the -carbon yet inhibits carboxypeptidase A (CPD) by a distinct mechanism: D-cysteine binds tightly to the active site zinc, while D-penicillamine catalyzes metal removal. To investigate the structural basis for this difference, we solved the crystal structure of carboxypeptidase A complexed with D-cysteine (D-Cys) at 1.75-Å resolution. D-Cys binds the active site zinc with a sulfur ligand and forms additional interactions with surrounding side chains of the enzyme. The structure explains the difference in potency between D-Cys and L-Cys and provides insight into the mechanism of D-penicillamine inhibition. D-Cys binding induces a concerted motion of the side chains around the zinc ion, similar to that found in other carboxypeptidase-inhibitor crystal structures and along a limited path. Analysis of concerted motions of CPD and CPD-inhibitor crystal structures reveals a clustering of these structures into distinct groups. Using the restricted conformational flexibility of a drug target in this type of analysis could greatly enhance efficiency in drug design.
Bovine pancreatic carboxypeptidase A (CPD) 1 is one of the best characterized zinc proteases known. It is a digestive enzyme that hydrolyzes C-terminal amino acids from polypeptide substrates (1) and serves as a paradigm for understanding zinc protease activity. Several other carboxypeptidases have been identified and are thought to be involved in diverse biological processes. These include the coagulation cascade for carboxypeptidase U (2), control of vasoactive peptide levels by lysine carboxypeptidase (3) , and hormone processing as in the case of carboxypeptidase M (4) and E/H. The fat mutation in mice, for example, has been mapped to carboxypeptidase E/H (5). Carboxypeptidases as well as another family of zinc proteases, namely, the matrix metalloproteases (MMPs), have also been implicated in cancer and inflammation (3, 6, 7) . CPD is a 307-residue exopeptidase, contains one atom of zinc bound at its active site, and is specific for cleavage of large hydrophobic groups at the C-terminus of a protein substrate. The zinc atom is liganded by three residues, namely, His69 (Nδ1), Glu72 (O 1 and O 2), His196 (Nδ1), and a water molecule arranged in a distorted tetrahedral coordination (8) .
Numerous X-ray crystallographic studies have been conducted on complexes of zinc proteases with zinc-binding inhibitors, many of which are of CPD (ref 9 and references therein and refs [10] [11] [12] [13] [14] . These studies have focused on a class of inhibitors that bind tightly to the protease in a stable ternary complex between the inhibitor, the enzyme, and the active site zinc, where at least one moiety of the inhibitor ligands the zinc atom. Application of this paradigm to drug development has produced several drugs that target zinc proteases involved in the pathogenesis of diseases such as arthritis, cancer, and hypertension (15, 16) . Moreover, structural work contributes to our understanding of the biochemical mechanisms governing zinc protease catalysis.
Compounds containing thiols R-SH are known to inhibit zinc enzymes, notably, MMPs (17) and CPDs (18) , by direct ligation of the sulfhydryl group to the metal. It appears, also, that the strong sulfhydryl-zinc interaction dominates in determining the mode of binding over other factors such as hydrogen bonding to catalytic residues, which are nonetheless important as well (17) . In fact, sulfhydryl group coordination to zinc is used in procollagenases and progelatinases to keep them in their inactivate, zymogen form. In these cases, their propeptides contain a single cysteine residue that binds via its thiol group to the active site zinc, which remains inactive until the cysteine is removed by proteolysis of the zymogen (19) . The cysteine ligand is replaced by a water molecule to yield an active enzyme (20) .
D-Cysteine (D-Cys) and D-penicillamine (D-PEN) ( --dimethylcysteine), shown in Figure 1 , are sulfhydryl-containing amino acids that differ by only two methyl groups on the -carbon yet inhibit CPD by distinct mechanisms. D-Cys binds to the active site zinc in a stable ternary complex. On the other hand, D-PEN removes zinc through an intermediate complex with the enzyme (21) . The rate for zinc removal by D-PEN is up to 440-fold faster than the spontaneous release (21) . It appears that the two additional methyl groups on the -carbon in D-PEN as compared to D-Cys confer a difference in mechanism between the two inhibitors. In addition, D-Cys, with a K i of 2.3 ( 1.6 µM, is about 500 times more potent an inhibitor than D-PEN (21) .
Since D-PEN removes the zinc from CPD rapidly, we solved the crystal structure of D-Cys bound to CPD at 1.75-Å resolution and discuss the consequences of adding two methyl groups to its -carbon. We also discuss the effects of inhibitor stereochemistry on potency. The essential dynamics method is used to correlate the concerted displacements of atoms in the structure to those of CPD-inhibitor complexes deposited in the Protein Data Bank (PDB). We find that the conformational change induced by D-Cys binding can be described in terms of concerted motions of atoms calculated from all other CPD structures. In addition, these eigenvectors allow a classification of CPD conformational states, using only a limited number of variables. Finally, since metal environments within the zinc protease family are similar (22) , structural interactions between D-Cys and CPD may also be useful in the design of inhibitors for other family members.
MATERIALS AND METHODS
Purification and Crystallization. Bovine carboxypeptidase A (Cox) was purchased from Sigma and used without further purification. Lithium chloride and D-Cysteine (D-Cys) were obtained from Sigma; MES was from Calbiochem. All reagents were reagent-grade or better in terms of purity. Protein concentration was determined based on the absorbance at 280 nm, given an 280 for carboxypeptidase A (CPD) of 1.87 mL mg -1 cm -1 (23) . CPD was washed three times with water to remove toluene used in packaging and dissolved in 1.2 M LiCl. This stock solution of CPD at 40 mg/mL was then diluted to 15 mg/mL in a solution of 1.2 M LiCl, 25 mM MES, pH 6.0, and 0.5 mM D-Cys. An aliquot of this solution was then pipetted into a 5 µL glass dialysis button. A 6-8 kDa molecular weight cutoff membrane previously washed in water and equilibrated in 0.15 M LiCl was placed over the button and secured with a rubber O-ring. The button was then dialyzed against 0.15 M LiCl, 25 mM MES, pH 6.0, and 0.5 mM D-Cys at 18°C. Crystals appeared overnight on the bottom and edges of the well.
Data Collection. Diffraction data were collected from a 0.7 × 0.7 × 0.1 mm crystal mounted in a quartz capillary tube at room temperature using a Rigaku-H3R rotating anode source and an RAXIS-II image plate detector. Diffraction data were integrated and scaled with the HKL software package (24) . See Table 1 for further details.
Solution and Refinement. The D-Cys/CPD structure, with one model in the asymmetric unit, was solved by molecular replacement using AMoRe (25) with a CPD structure from PDB entry 5CPA (8) excluding the zinc as a search model. Using 8.0-4.0 Å data, the sequential rotational and translational searches gave a single solution with an R-factor of 0.276 and a correlation coefficient of 0.791, after rigid body refinement in AMoRe. Further refinement was performed with CNS (26) with iterative model building in O (27) . In the initial F o -F c map, a strong peak between the metal binding residues indicated the location of the zinc ion, which was included in subsequent refinement. Progress of the refinement is detailed in Table 2 . After a few cycles of model building and placement of some well-defined water molecules (4σ peaks in a F o -F c map and at least one hydrogen bond to the protein), the D-Cys inhibitor could be clearly seen in the F o -F c maps ( Figure 2 ) and was built into the model. Further rounds of model building and refinement allowed placement of additional water molecules and assignment of some alternate side chain conformations ( Table 2) .
Analysis of the Conformational Change Induced by Inhibitor Binding. The structural differences between the uncomplexed CPD structure (WT-CPD) and the structure presented here of CPD with D-cysteine (D-Cys/CPD) were analyzed in terms of concerted displacements of atoms using the essential dynamics method (28) . With this method, it is possible to describe protein conformational freedom using a small number of variables, calculated from an ensemble of structures (e.g., refs 29 and 30) . Traditionally, such ensembles of structures have been obtained from computer simulations (31-33). Recently, however, it has been shown that groups of related crystal structures can also yield an ensemble from which large concerted motions can be calculated with essential dynamics (34, 35) . The essential dynamics method is based on diagonalization of the atomic covariance matrix, yielding a set of eigenvectors and eigenvalues. The eigenvectors describe concerted displacements of certain groups of atoms, and the eigenvalues are the amplitudes of these motions. Such descriptions of concerted motions have proved useful in linking dynamic properties of proteins to their functions in a number of cases (29) (30) (31) (36) (37) (38) .
Here, we used an ensemble of all zinc-containing CPD crystal structures available in the PDB database of protein structures (39) , prepared according to a procedure described before (33) . In addition to wild-type CPD (PDB entries: 5CPA (8), 1YME, and 2CTB), the following PDB entries describing CPD complexes with various inhibitors were used: 1BAV, 1CBX (40), 1CPS (12), 2CTC, 3CPA (41), 4CPA (42), 6CPA (43), 7CPA (11) and 8CPA (11) . Crystal structures with more than one molecule per asymmetric unit were treated separately. All these structures were superimposed onto the coordinates from 5CPA to remove translational and rotational motion. A set of atoms was selected, consisting of the zinc and both primary and secondary protein side chain ligands. A covariance matrix was built from this subset of atomic coordinates and diagonalized. The resulting eigenvectors describe concerted conformational changes of residues in the active site. Conformational changes were then studied by projecting the crystal structures onto the eigenvectors.
RESULTS

D-Cysteine Interaction with CPD.
The crystal structure of the complex of D-cysteine with CPD was solved to 1.75-Å resolution. These crystals belong to a different crystal form than previously described crystals of CPD with or without inhibitors. The structure was solved by molecular replacement using the free enzyme and excluding the zinc atom. The electron density maps ( Figure 2 ) show D-cysteine buried in the active site of the protein and bound to the catalytic zinc via its sulfur. This is the first crystal structure of a thiol inhibitor bound to CPD. The thiolate of D-Cys has replaced the active site water and coordinates zinc in a distorted tetrahedral geometry, similar to that observed in the crystal structure of (2-benzyl-3-mercaptopropanoyl)-L-alanylglycinamide, a mercaptan inhibitor, bound to thermolysin, another zinc protease (44) . The Zn 2+ -S bond distance is 2.2 Å, corresponding to the average distance of 2.1 Å between Zn-(II) and cysteine for 14 independent structures in the PDB, and the C -S-Zn 2+ angle is 109°, also similar to the average torsion angle of 112°observed in this PDB survey (45) . This is consistent with previous spectroscopic studies that show that the thiolate of D-Cys binds to the active site metal of a cobalt-substituted CPD (21) .
In addition to the zinc-sulfur bond, D-Cys is tethered to the active site by additional contacts, electrostatic and hydrogen bonded, to protein residues ( Figure 3 , Table 3 ). The positively charged amino group of D-Cys interacts with the negatively charged carboxylate of Glu270 (N D-Cys -O 1 E270 2.85 Å). The D-Cys carboxylate also forms salt bridges with the guanidinium groups of Arg127 and Arg145 and hydrogen bonds to Asn144. All of these residues are thought to be important in catalysis. Glu270 acts as a general base, abstracting a proton from the zinc-bound water to form a hydroxyl anion nucleophile (46, 47) . Asn144 and Arg145 bind the C-terminal substrate carboxylate, and Arg127 stabilizes the oxyanion generated during the transition state. Upon D-Cys binding, the side chains of three of these residues, Arg127, Arg145, and Glu270 move toward the charged groups of the inhibitor. The D-Cys inhibitor as well as the active site residues interacting with the inhibitor are well-ordered with an average B-factor of 17.6 Å 2 for the inhibitor atoms and 11.5 Å 2 for the active site residues. In addition, D-Cys is engaged in hydrogen bonding interactions with three water molecules (W502, W740, and W761) via its amino group ( Figure 3A ). Similar interactions with active site residues Glu270, Arg127, and Arg145 have been previously reported for other CPD inhibitors (reviewed in ref 48) No significant changes are observed for protein ligands to the zinc upon D-Cys binding. In several CPD-inhibitor complexes, the active site zinc is observed to move in the direction of Arg127. This change is attributed to the flexibility of the interaction between the zinc and the protein ligand Glu72 (9, 12) since motion of the active site zinc toward Arg127 is coordinated with a change in Glu72 binding from a bidentate to a monodentate metal ligation. However, in the D-Cys/CPD complex, Glu72 remains a bidentate ligand, and the zinc atom does not move. The active site zinc and its protein ligands are also well-ordered and have low B-factors of 10.8 and 7.6 Å 2 in average, respectively. Tyr248 is thought to play an important role in substrate binding during CPD catalysis (49) . In structures of CPD bound to transition-state analogue inhibitors, Tyr248 is observed to swivel by 12 Å to donate a hydrogen bond to the inhibitor carboxylate. The scale of this movement was presented as evidence in support of the "induced fit" hypothesis of enzyme action (50, 51) . However, there is an orthorhombic crystal form of native CPD in which Tyr248 is positioned inside the active site similar to its conformation when a substrate is bound (52) . Although Tyr248 swivels 8.4 Å around the CR-C bond in the D-Cys/CPD complex structure as compared to native CPD, this rotation does not bring it into the active site in position to interact with the D-Cys carboxylate. Rather, this rotation brings the tyrosine side chain to a position about halfway between the two conformations, approximately perpendicular to both. In the native monoclinic structure, this tyrosine is involved in crystal packing contacts, mostly through nonpolar contacts but also hydrogen bonding through a water molecule to a symmetry-related molecule. In the D-Cys/CPD structure, the packing environment is different; however, Tyr248 is also involved in crystal contacts through water molecules. The absence of the interaction with the inhibitor in this case may be a factor in the higher K i of D-Cys as compared to CPD inhibitors that hydrogen bond to Tyr248. Indeed, mutation of Tyr248 to phenylalanine increases the K i of potato carboxypeptidase inhibitor by 70-fold without affecting the catalytic constant, k cat , toward peptide substrates (53) .
Beyond the active site, there is little difference in the D-Cys/CPD complex structure as compared to native CPD, with a root-mean-square (RMS) deviation between this complex and 5CPA (8) of 0.35 Å for CR atoms. Even though our crystals were grown overnight in a 0.5 mM D-Cys solution, the disulfide bond between Cys138 and Cys161 remains intact, and no reduction is observed. This crystal structure represents a new crystal form for CPD. The absence of conformational changes outside the active site suggests that aside from Tyr248 discussed above, the crystal packing forces for this new crystal form do not affect secondary and tertiary structure.
D-Cysteine-Induced Concerted Conformational Changes. Previous studies of concerted motions on the basis of molecular dynamics computer simulations (29, 30, 36) , NMR ensembles (38, 54, 55) , and crystal structures (34, 35) have shown that such motions may play a role in protein function. (67) electrostatics calculations were performed using the appropriate full charges assigned to Asp, Gly, Lys, and Arg and a charge of +2.0 on the zinc ion. A molecular surface was calculated and colored by electrostatic potential from red (<20.0 k B T) to blue (>20.0 k B T). The inhibitor structure is shown in a stick representation. In CPD, one might expect to observe concerted motions of active site residues involved in substrate binding and catalysis. Here, we attempt to describe all active site conformations possible using a few variables, rather than large sets of Cartesian coordinates, by analysis of crystal structures using the "essential dynamics" technique. A straightforward comparison of WT-CPD and D-Cys/CPD structures reveals that several active site residues change conformation ( Figure  4 ). As mentioned above, Arg127, Arg145, and Glu270 move toward the charged groups on the D-Cys inhibitor. It is interesting to see how this movement compares to that observed in other CPD structures. Using the procedure outlined in Materials and Methods, the zinc as well as primary and secondary zinc ligand residues were extracted from CPD crystal structures in the PDB, a covariance matrix was built, and eigenvectors/values were calculated by diagonalization. Each eigenvector describes an independent motion consisting of concerted displacements of atoms. The motions along eigenvectors 1 and 2 (those with the two largest eigenvalues) show that the motions of residues in the active site are highly correlated ( Figure 5 ). Especially Arg127, Arg145, and Glu270 show large motions similar to those in Figure 4 . In fact, if a normalized vector is drawn in configurational space between the WT-CPD and the D-Cys/ CPD structures, this vector has an inner product of 0.625 with the first eigenvector calculated from the crystal structures. Note that these structures include WT-CPD but not the D-Cys/CPD structure described here. This indicates that the conformational change necessary to move from WT-CPD to D-Cys/CPD is already described by the crystal structures in the database. Thus, this conformational change can, for a large part, be captured by a single variable rather than by lists of Cartesian coordinates, namely, the translation along eigenvector 1. This description allows study and classification carboxypeptidase structures by their position along the first or the first few eigenvectors. The projections along eigenvector 1 and eigenvector 2 are shown in Figure 6 . It is worth noting that the crystal structures are spread out along the individual eigenvectors, indicating that these eigenvectors are not simply describing the transition from one conformational state to another. However, it is possible to classify CPD structures according to their translations along these eigenvectors. For instance, the three native CPD structures seem to cluster around a similar position along both eigenvector 1 and eigenvector 2 (around the WT, 5CPA position). (11, 43) and inhibitors mimicking the products of peptide hydrolysis L-benzylsuccinate and L-phenyllactate (1CBX and 2CTC, respectively) (40) are scattered around the CPD/D-Cys structure reported here ( Figure 6 ). Between these latter structures and native CPD structures lie complexes of CPD with BIP (2-benzyl-3-iodopropanoic acid) (56), glycyl-L-tyrosine (41) , and the potato inhibitor (42) (1BAV, 3CPA, and 4CPA, respectively), which do not mimic intermediates along the carboxypeptidase substrate hydrolysis reaction. The amount of concerted motion along eigenvector 1 describing the translation from the wild-type CPD structure to the transition state analogue and product inhibitors is similar to that observed from CPD to D-Cys/CPD. This suggests that binding of D-Cys to CPD induces a conformational change in active site residues similar to that observed for transition-state analogue and product inhibitors. Thus, structures with similar properties have more or less similar translations along the eigenvectors, yet the spread is large enough to permit calculation of the eigenvectors.
Possible Implications for CPA Interaction with D-PEN. As mentioned earlier, D-PEN inhibits CPD by catalyzing zinc dissociation from the enzyme active site (21) . This occurs with crystalline CPD as well, thus complicating crystallographic studies of an intermediate in this reaction. To gain insight into the mechanism of inhibition for D-PEN and the reasons underlying the differences with the mechanism of D-Cys, we used the D-Cys/CPD complex structure to study the putative effects of adding two methyl groups to the D-Cys -carbon. Using standard tetrahedral geometry, two methyl groups were added to D-Cys to generate a D-PEN structure, which was energy-minimized using PRODRG (57) and GROMOS87 (58) and superimposed onto D-Cys in the D-Cys/CPD complex structure. For this analysis, we considered distances of < 3.5 Å between nonbonded atoms, which cannot hydrogen bond, as steric clashes. If D-PEN were to bind to CPD in the same orientation as D-Cys, the two added methyl groups would clash with His196, Glu270, and the zinc ion ( Figure 7) . Thus, it seems that D-PEN would significantly perturb active site residues if it bound in this orientation. On the other hand, if D-PEN were to bind in a different orientation, favorable interactions between the charged groups on D-PEN with Arg127, Arg145, Asn144, and Glu270 would probably be lost (Figure 3 ). Figure  4 ). In effect, the active site residues become secondary ligands to the zinc through their interactions with D-Cys. Their contribution to the avidity of D-Cys binding is analogous to the effect of secondary ligands in orienting protein side chains for optimal ligation to the metal. Several inhibitors take advantage of the specificity of CPD for aromatic or branched aliphatic side chains C-terminal to the scissile bond position (the S1′ position) of a substrate (47, 49) . Although D-Cys lacks an aromatic or aliphatic side chain at P1′ and does not bind to the S1′ pocket, it has a relatively high affinity for CPD, with a K i 20-fold lower than D-Phe, for example (59) . The interactions between the carboxylate and amino groups of D-Cys and D-Phe and the active site Glu270 and Arg145 are similar (49) , although the D-Cys carboxylate forms additional hydrogen bonds with Arg-127 and Asn-144. It appears that the metal-binding properties of the thiol group together with the hydrogen bonding network in the active site compensate for lack of favorable interactions between D-Cys and the S1′ pocket of the enzyme.
As mentioned, several active site residues move upon inhibitor binding. Our analysis of concerted motions in the CPD active site for this structure and other CPD inhibitors found in the PDB, shows that the residues participating in substrate binding and catalysis move through strongly correlated motions. We show that active site conformational substates could be captured using only one or two parameters, which can be used for classification of inhibitors. Starting from the native CPD structures, different inhibitors induce conformational change to a different extent but always along a path enforced by the protein structure and captured in our essential dynamics eigenvectors. Three clusters of structures were identified by similar eigenvector projections ( Figure  6 ): native CPD, CPD complexed to transition state or product analogues, and "others". While the latter are chemically unrelated, they are distinct from the other two groups. The potato inhibitor (4CPA) is a protein that binds to the active site zinc through a C-terminal carboxylate, as well as through extensive protein-protein interactions; 2-benzyl-3-iodopropionate (1BAV) is an irreversible inhibitor that forms a covalent ester linkage with Glu270 (56); the peptide glycyl-L-tyrosine (3CPA) is a slowly hydrolyzed substrate. Interestingly, the active site conformation of D-Cys/CPD appears to fall near the cluster of transition state analogues. It appears, therefore, that D-Cys induces a conformational state of the active site similar to that observed for transition state analogues ( Figure 6 ). Using the limited conformational flexibility of a drug target, as shown here with CPD, could greatly assist in enhanced drug design capabilities, by allowing such flexibility, without an enormous penalty in computation time.
The greater potency of zinc-binding ligands with D stereochemistry has been noted for inhibitors of many zinc enzymes including carboxypeptidase, angiotensin converting enzyme, and thermolysin (15) . In these inhibitor families, the lower potency of L-enantiomers is attributed to suboptimal interaction with the enzyme active site. The D-Cys/ CPD structure reported here extends this observation to L-Cys. If L-Cys binds zinc with its thiol as D-Cys does, at least one of the favorable interactions with an active site residue is lost. Specifically, the L-enantiomer cannot form electrostatic and hydrogen bond interactions with both Glu270 and the asparagine and two arginine residues at the same time. This loss raises the L-Cys K i by 150-fold as compared to D-Cys (21) and indicates the importance of such an interaction in determining inhibitor potency.
Although the cysteine compounds tested are weaker inhibitors of thermolysin (TLN) than CPD, there is a similar difference in enantiomer potency. L-Cys is 42-fold less potent an inhibitor for TLN than D-Cys, as compared to an 87-fold difference for CPD (21) . This is consistent with the similarity in active site geometry between TLN and CPD. In TLN, the position of Glu143, which acts as a general base in catalysis, overlaps its CPD counterpart, Glu270 (60) . The positively charged arginine cluster in CPD is replaced by His231, which is also thought to stabilize the oxyanion transition state (61) . Consequentially, the 10-fold lower potency of D-Cys toward TLN as compared to CPD may be due to replacement of the positively charged arginine residues with a neutral histidine residue, which can only form a single hydrogen bond rather than the two that the guanidinium group can form.
In contrast, the differences between D-and L-Cys inhibitor potency is only 2-fold for matrilysin (MAT), a matrix metalloprotease [K i ) 0.75 and 1.6 mM, respectively (21) ]. An overlap of the MAT and CPD active site shows that there are no residues in MAT equivalent to Arg127 and Arg145, which stabilize the D-Cys carboxylate in CPD (Figures 3 and  4) . In addition, the active site Glu198 in MAT is surrounded by hydrophobic residues that are thought to increase its pK a [Chong and Auld, unpublished data; (62) ] which, in turn, may result in decreased binding to the amino group of the inhibitor.
D-PEN has been used to treat rheumatoid arthritis for the past 35 years. Rapid-scanning stopped-flow spectroscopy indicates D-PEN binds to Co-CPD differently than D-Cys (21) . No cobalt-sulfur bond is formed in the intermediate that is formed within the mixing time of the instrument. Cobalt is then released from the enzyme with a half-life of 0.5 s. The results of model building D-PEN complexes of CPD are consistent with these results. If D-PEN bound to CPD in the same orientation as D-Cys, it is apparent from model building that D-PEN would disrupt active site residues crucial for effective chelation of zinc by the enzyme and thus reduces the inherent affinity of the protein for zinc (Figure 7) . The putative steric clash between the D-PEN methyl groups and the zinc ligand His196, the secondary ligand Glu270 and zinc itself would disrupt the coordination sphere resulting in zinc dissociation. To minimize the steric clash between Glu270 and the D-PEN methyl groups, the active site zinc may move toward Arg127 and change Glu72 ligation to monodentate. This motion and the change in Glu72 binding are observed in other CPD-inhibitor structures and could reduce protein metal affinity (9) . Steric hindrance of the extra methyl groups may force D-PEN to bind zinc in the active site in a somewhat different orientation, and the lack of favorable contacts observed for D-Cys could cause D-PEN to dissociate with the zinc. Thus even though two zinc-binding inhibitors may be similar in chemical structure, basic substituency can have pronounced and unexpected effects on mechanism and potency.
